The objective of this paper is to present the development and application of a method to estimate the heavy metal (HM) contribution derived from the wash-off by runoff on road-deposited sediments (RDS) in a high-altitude megacity (Bogota, Colombia). The method is based on the development of a HM wash-off equation which considers two processes: HM transportation and HM leaching. HM contribution by runoff ranges between 24.7% and 50.3%, relative to the total mass per unit area of HMs associated with dry-weather RDS (Mn, Cd, As, Zn, Cu, Ba, Pb, and Fe). The HMs that show a greater contribution are Cd, Zn, and Mn. RDS size fraction below 250 µm contributes on average 81.6% of the total HM load washed-off by runoff. The findings suggest that the RDS size fraction below 250 µm must be the reference fraction for the control systems design of HM pollution in Bogota city.
Introduction
Public health research agencies reported the growing interest of studying the pollution by heavy metals (HMs) in urban areas due to its continuous emission [1, 2] , long residence periods in the environment, transport inside of air masses, deposition on road surfaces [3, 4] , mobility, and bioavailability [5] . Road-deposited sediment (RDS) How to cite: Zafra-Mejía, C., Rondón-Quintana, H and Gutiérrez-Malaxechebarria, A., Heavy metal contribution by runoff in a high-altitude megacity: a method based on the road-deposited sediment characterization. DYNA, 85(206), pp. 85-94, September, 2018. accumulated in dry weather were used as indicators of the presence of HMs in urban environments because they represented the accumulation more recent of pollutants [6, 7] . Namely, they were sinks of HMs and other compounds that came from different urban pollution sources [8, 9] . The main advantage of the RDS use as pollution indicators was that they were subjected to transportation processes, which allowed us to evaluate its mobility in the urban environment [10] ; as for example, the RDS transportation exerted by road runoff during rainfall events.
The pollution caused by road runoff water constitutes a great problem in urban areas, since it has been demonstrated that it contains great loads of HMs (mass quantity of HMs) [11, 12] . Diffuse pollution generated by road runoff is known as one of the main reasons for water quality deterioration in urban aquatic bodies [13, 14] . The significance and interest in knowing this type of flows relies on many studies reporting the presence of high HM concentrations in dissolved form in the runoff water [15, 16] . Additionally, the HM contribution associated with the solid fraction of surface runoff has been considered, namely, the proportion of RDS accumulated in dry weather that is washed-off during rainfall events [17, 18] . Therefore, the HM load associated with dry-weather RDS must be determined, and the impacts of surface runoff in the drainage systems and receiving waters must be studied in order to perfect the design of pollution prevention systems.
The studies on the HM wash-off phenomenon by road runoff reported rainfall and previous dry-weather period as leading climatic factors [19, 20] . RDS transportation by runoff increased with the rainfall intensity [21] and when the previous dry period was prolonged [13] . Malmquist [22] and Reinertsen [23] reported that intense (> 10 mm/h) and successive (four events) rainfalls decreased the RDS load by nearly 80%. Ball et al. [24] found that only the rainfall events with intensities greater than 7 mm/h could be considered as transportation events of the HM load associated with RDS.
In addition to the RDS transportation process, the leaching process exercised by stormwater runoff on the RDS size fraction which was not transported must be taken into account within the HM wash-off phenomenon. Ellis and Revitt [25] reported the following sequence in RDS leaching studies, from the temporal efficiency in the extraction conducted (leaching test: rainwater, mechanical shaker, pH: 6.5, and t = 28 days): Cd > Zn and Cu > Pb. Stone and Marsalek [26] obtained a similar sequence in leaching tests on RDS (leaching test: mechanical shaker, 0.5 N HCl, and t = 12 hours): Cd and Cu > Zn > Pb. Recent studies have also reported a similar sequence [27, 28] : Zn and Cu > Pb. These researchers suggested that RDS acted as effective sinks for Pb, but not for Cd and Cu. Additionally, the optimized BCR sequential extraction procedure (leaching test) developed by Sutherland and Tack was used on RDS to fractionate the HM into the following target phases [29] : acid-extractable, reducible, oxidizable, and residual. The above studies suggested that the acid-extractable phase (water soluble, exchangeable, and bound to carbonate) was most suitable for the simulation of turbulent runoff conditions during storm drainage from the roadside surface (it is the bioavailable fraction of HMs).
In the analysis of HM content on RDS, the size fraction below 250 μm was given attention because the consulted literature suggested that this fraction tended to associate the highest HM concentrations. On average, this size fraction tended to accumulate 69% (between 51.2% and 82.5%) of the total HM load (Mn, Cd, Zn, Cu, Pb, Co, Ni, Fe, and Cr) associated with dry-weather RDS [17, 21, 25, [30] [31] [32] [33] [34] [35] . The above studies suggested that the size fraction below 250 µm was representative of the dry-weather RDS to characterize the HM content.
This study was done using data from a Latin-American megacity (8.85 million inhabitants in 2015). Bogota (Colombia) is a high-altitude city located in the Andes Mountains (04°36′35″ N, 74°04′54″ W); its average altitude is 2600 masl. The city's tropical mountain climate is characterized by large hourly temperature variations and average annual rainfall of 797 mm. The city is recognized as the urban center with the greatest population density (26000 inhabitants/km2) and third highest air pollution level in Latin America [36] . In global terms, there have been few published studies that evaluate the behavior of HMs in the urban centers of developing countries with similar physical characteristics and climate conditions; this lack of research has, in part, driven the development of this study.
The objective of this paper is to present the development and application of a method to estimate the HM contribution derived from the wash-off by runoff on RDS in a highaltitude megacity. The above, with respect to the total mass per unit area (load) of HMs associated with dry-weather RDS. The method consists of three phases: climatic characterization of RDS load, evaluation of HM load on dryweather RDS, and application of a wash-off equation. Two processes are included in the wash-off equation: HM transportation (solid fraction) and HM leaching (dissolved fraction). The method is initially developed on two road surfaces in the cities of Torrelavega (Spain) and Bogotá (Colombia). The development of the method is focused on the following HMs: Zn, Pb, Cu, Cr, Ni, Mn, Cd, Fe, Co, Ba, and As. Subsequently, the method is applied on three road surfaces in Bogota city. The application of the method is focused on two of the HMs most reported by studies on road surfaces: Pb and Cu [37] .
Materials and methods

Proposed method
Climatic characterization of RDS load
The two road surfaces for developing the method were in the cities of Torrelavega (Spain, A1) and Soacha (Colombia, A2); Soacha belonged to the metropolitan area of Bogota city (Colombia). A1 road surface was used to validate the results obtained on A2 road surface. Climate data were obtained from stations located at a distance between 300 and 340 m from the road surfaces under study. The three road surfaces to which the proposed method was applied were in Bogota city. These three road surfaces were situated in Fontibón (Z1), Puente Aranda (Z2), and Kennedy (Z3). The climate data were obtained from stations located 10, 38, and 194 meters away from the road surfaces under study, respectively. In A1 road surface, the Atlantic climate (warm) was characterized by abundant rains throughout the year, high humidity, and mild temperatures. In A2, Z1, Z2, and Z3 the Tropical mountain climate (cold) was characterized by abundant rains during the year and a wide variation in temperature (hourly variation between 5 and 22 °C). Table 1 shows the main climatic and physical characteristics of each road surface. The protocol for RDS collection was established having as reference the sampling systems used by other studies [17, 21, 24, 25, 38] . RDS samplings were collected in dry weather, next to the road curb (0. respectively. RDS samples were taken daily for A1, every 3 days for A2, and every 10 days for Z1, Z2, and Z3. Slight variations were found in the sampling frequency due to the occurrence of rainfall events that prevented the RDS collection in dry weather.
The sampling surface had an area of 0.50 m 2 (707 mm X 707 mm); the collection area sizes were ensured by placing a wooden frame on the road surface. For the RDS collection a brush with plastic fibers together with a hand dustpan were used. Particle size distribution of RDS (63-2800 μm) was determined using the ISO-11277 method [39] . Fifty-six and 88 RDS samples were collected in A1 and A2, respectively. Finally, a total of 114 RDS samples were collected for application of the proposed method, being 38 samples for each road surface (Z1, Z2, and Z3).
The climatic characterization of RDS load was focused on the following: (i) identification of the climatic periods of dry and rainy weather in the study areas, and (ii) quantification of RDS load (mass quantity of RDS) for each climatic period. Additionally, during the development of the proposed method (A1 and A2), the susceptibility of the RDS to wash-off by runoff (percentage difference relative to the RDS mass before and after each rainfall event) was analyzed as a function of the particle diameter for all rain events during the study period. Finally, we assumed during the application of the proposed method (Z1, Z2, and Z3) that the difference in the RDS load between these climatic periods (i.e., dry and rainy weather) represented the average load washed-off by runoff in rainy weather.
Evaluation of HM load in dry-weather RDS
HM concentration associated with dry-weather RDS was determined by flame atomic absorption spectrometry: ISO-11047 method [39] . RDS samples were previously digested in a mixture of hydrochloric acid and nitric acid (3:1, Aqua Regia): ISO-11466 method [39] . In this study, leaching tests of HMs associated with RDS were carried out considering the DIN 38414-S4 standard [40] : mechanical shaker (10 rpm), deionized water, room temperature (20 °C), and t = 24 hours. In the available literature there were limited discussions on relationship between the sorption behavior of HM species and the water quality of road runoff (e.g., dissolved organic carbon content and pH). Twenty-four leaching tests were performed for each study area (A1 and A2).
The size fraction below 250 μm was chosen as representative of the HM content in dry-weather RDS. An analysis of susceptibility of the HMs to wash-off by runoff was performed and total HM load associated with this size fraction was assumed to be transported by road runoff. The HM load for size fraction was determined from the HM concentration and quantity of RDS by weight associated with each size fraction. Additionally, the leaching effect derived from road runoff on the remaining RDS portion which was not susceptible to wash-off was considered.
Wash-off equation
The wash-off equation was:
Where TLW was the HM contribution washed-off by runoff from RDS (%), LW<250, i was the percentage of RDS with size below 250 μm susceptible to transportation (see Table 2 ), ML<250, i was the percentage of HM load associated with RDS of size below 250 μm (see Table 3 ), LE<250 was the percentage of HM leaching associated with RDS of size below 250 µm (see Table  4 ), and LE≥250 was the percentage of HM leaching associated with RDS of size greater than or equal to 250 µm (see median for each HM in Table 4 ). The median was used as a central-tendency measure in light of the extreme values in the information reported in Table 4 . The term (1-LW<250, i/100) represented the RDS proportion with size below 250 µm that was not transported by runoff, but which provided HM by leaching.
TLW value depended on the fractions number of size below 250 µm considered (n). Finally, a second term was included to quantify the HM contribution by the size fraction greater than or equal to 250 µm, if this size fraction was not susceptible to transportation, but leached by road runoff. The term (1-ML<250/100) indicated the HM proportion associated with this size fraction (see Table 3 ). Therefore, the wash-off equation included the following phenomena in its two terms. Term 1: (LW<250, i · ML<250, i/100), HM transportation (solid fraction) associated with RDS of size below 250 μm; and (LE<250 · (1-LW<250, i/100) · ML<250, i/100), HM leaching (dissolved fraction) associated with RDS of size below 250 μm. Term 2: (LE≥250 · (1-ML<250/100)), HM leaching (dissolved fraction) associated with RDS of size greater than or equal to 250 µm.
Results and discussion
Development of the method
Climatic characterization of RDS load
The analysis of susceptibility of the RDS to washing by runoff showed on average for the size fraction below 250 µm, that the percentage of RDS transported by runoff during all rainfall events in A1 (asphalt, slope = 0.2-4%, rainfall intensity = 0.7-3.7 mm/h, Atlantic climate) and A2 (asphalt, slope = 1-2%; rainfall intensity = 0.8-4.5 mm/h, tropical mountain climate) was 26.5% and 47.0%, respectively ( Table 2 ). Zhao and Li [52] reported an average RDS wash-off between 15.8% and 11.6% for the size fraction below 1000 µm, using a rainfall simulator (asphalt, slope = 4.1%, rainfall intensity = 46.7 mm/h, humid continental climate).
Vaze and Chiew [38] reported that the road runoff reached to wash-off up to 45% of RDS accumulated in dry weather (asphalt, slope = 10%; rainfall intensity = 4 mm in single burst, size fraction < 3000 µm, oceanic climate). Finally, Tian et al. [53] reported an average RDS wash-off of 37.9% for the size fraction below 300 µm (humid continental climate). The previous differences reported by the studies were probably linked to the rainfall magnitude, evaluated size fraction, pavement roughness, and accumulated amount of RDS on road surfaces tested (i.e., in dry weather).
Evaluation of HM load in dry-weather RDS
On average for A1 and A2, 62.6% and 58.0% of the total HM load in dry-weather RDS was associated with the size fraction below 250 µm, respectively ( [34] , and Bi et al. [35] reported results between 51.2% and 82.5%, with an average of 69.0%. The results of the leaching test performed in A1 and A2 showed that the HMs with higher leaching percentages were Mn and Cd (Table 4) . On average, the sequence in leaching tests was the following one: Mn (26.9%) > Cd (26.3%) > As (17.6%) > Zn (16.8%) > Cu (13.5%) > Ba (11.8%) > Pb (9.3%) > Co (9.2%) > Ni (6.3%) > Fe (3.0%) > Cr (2.4%). Average leaching for all HMs under study was 14.1%. Table 4 shows similar results reported by other studies. Nevertheless, differences in the HM leaching tests probably related to the agent and time of extraction, temperature, agitation system, and RDS size fraction were observed. The median of the leaching percentage for all HMs reviewed in Table 4 was 11.8%; median was used as centraltendency measure due to the existence of extreme values in the information reported in Table 4. 3.1.3. Development of the wash-off equation HM contribution derived from the wash-off by runoff on RDS was calculated from the equation developed for the proposed method (eq. 1). We observed that on average in A1 and A2, 29.0% and 40.3% of the total HM load associated with RDS was washed-off after a rainfall event, respectively (i.e., for Mn, Cd, As, Zn, Cu, Ba, Pb, Co, Ni, Fe, and Cr). Zhao and Li [52] reported that the average HM contribution by road runoff was between 10% and 25% (Pb, Zn, Cu, Cr, and Ni) for the RDS size fraction below 1000 µm and using a rainfall simulator. When calculating for the same HMs reported by these researchers, the present study identified the average HM contribution in A1 and A2 being between 17.1-39.1% and 24.7-48.4%, respectively (see TLW in Table 5 ). Hamilton et al. [54] and Tian et al. [53] reported a contribution between 6.6-28.9% (Pb, Zn, Cu, and Cd) and 6.1-55.4% (Pb, Zn, Cu, Cr, Ni, and Cd), respectively; this latter being for the RDS size fraction below 40 µm. Thus, we observed that the equation developed for determining the HM contribution tended to overestimate the contribution reported by the previous studies, on average between 1.20 and 2.76 times (Pb, Zn, Cu, Cr, Ni, and Cd). The above, assuming similar climatic and physical characteristics on road surfaces of the studies consulted.
This overestimation of the HM contribution was probably due to the fact that, in the proposed wash-off equation, strong turbulent runoff conditions were considered for the RDS (laboratory leaching tests: DIN 38414-S4 standard, and Tessier and BCR sequentialextraction procedures). It is unlikely that all HMs leached in the laboratory (simulated conditions) would leach with the same intensity during rainfall events (real conditions). Previous comparisons with other studies were useful for validating the proposed simplified method.
In order of precedence, the average contribution for each HM in A1 was: Cd (44. We observed that on average for A1 and A2, 83.1% and 81.6% of the total HM load washed-off by runoff was provided by the RDS size fraction below 250 µm, respectively (see T<250 and L<250 in Table 5 ); this was integrated in the phenomena included in first term of the wash-off equation: transportation (solid fraction of HM) and leaching (dissolved fraction of HM) of RDS < 250 µm (eq. 1). Zhao et al. [21] reported that this size fraction contributed more than 80% of the total HM load washed-off by runoff from RDS. On the other hand, the RDS size fraction greater than or equal to 250 µm represented on average a HM contribution for A1 and A2 of 16.9% and 18.4%, respectively (see L≥250 in Table 5 ); this was integrated in the only phenomenon included in second term of the wash-off equation: leaching (dissolved fraction of HM) of RDS ≥ 250 µm (eq. 1). Washoff equation allowed us visualizing the following order of precedence from the included phenomena: Term 1 (RDS < 250 µm), HM transportation (67.1%) > HM leaching (15.2%); and Term 2 (RDS ≥ 250 µm), HM leaching (17.7%). On average, solid and dissolved fractions contribute 67.1 and 32.9% of the total HM load washed-off by runoff from RDS, respectively.
Application of the method
Climatic characterization of RDS load
According to the Institute of Hydrology, Meteorology, and Environmental Studies of Colombia (IDEAM), three periods were identified in Z1 and Z3 for the climate phenomenon 'La Niña-Southern Oscillation' [55] 1 ). During the sampling period and in these periods identified, rainfall was 57.7%, 42.3%, and 75.1% higher than the average annual registered by climate stations in Z1 (591 mm/year), Z2 (600 mm/year), and Z3 (706 mm/year), respectively. These periods corresponded to rainy weather, the remaining tested weather being considered as dry one.
Based on the identified climate periods, an estimate of the average RDS wash-off was done for the representative size fraction of HM content (RDS < 250 µm). On average, the RDS load during periods of rainy weather was 28.8 ± 8.1 g/m 2 , 36.9 ± 7.3 g/m 2 , and 25.1 ± 6.7 g/m 2 in Z1, Z2, and Z3, respectively. RDS load in dry weather was 76.2 ± 9.3 g/m 2 , 92.2 ± 14.9 g/m 2 , and 67.1 ± 8.8 g/m 2 for Z1, Z2, and Z3, respectively. Therefore, the results showed that during rainy weather there was an average RDS wash-off of 62.2%, 60.0%, and 62.6% for Z1, Z2, and Z3, respectively (Fig. 1). 
Evaluation of HM load in dry-weather RDS
On average for Z1, Z2, and Z3, 70%, 48%, and 60% of the total Pb load was associated with the RDS size fraction below 250 µm, respectively. For Cu, there was evidence of a higher association, and more specifically 81%, 57%, and 69%, respectively (Table 6 ). 
Application of the wash-off equation
For applying the method in Z1, Z2, and Z3, the developed wash-off equation (eq. 1) was reduced because only the size fraction below 250 µm was used as indicator of transportation (solid fraction) and leaching (dissolved fraction) of HMs associated with RDS. Thus, there was HM transportation of the size fraction below 250 µm and HM leaching for the size fraction greater than or equal to 250 µm. The reduced wash-off equation was:
Where TLW was the HM contribution washed-off by runoff from RDS (%), LW<250 was the percentage of RDS with size below 250 μm transported by runoff, ML<250 was the percentage of HM associated with RDS of size below 250 μm (Table 6) , and LE≥250 was the percentage of HM leaching associated with RDS of size greater than or equal to 250 µm (see median in Table 4 ). The term (1-ML<250/100) indicated the HM proportion associated with the RDS size fraction greater than or equal to 250 µm (Table 6) .
We noted that on average in Z1, Z2, and Z3, 47.1%, 34.9%, and 42.2% of the total Pb load associated with RDS was washed-off after a rainfall event, respectively. For Cu, the contribution was 51.8%, 37.4%, and 45.5%, respectively (see TLW in Table 7 ). As already observed, Cu tended to show the highest contribution from the application of the reduced washoff equation because the RDS size fraction below 250 µm associated a higher Cu percentage (average = 69.0%) in comparison with Pb (average = 59.3%), despite showing a lower leaching percentage (Cu = 7.5%; Pb = 11.7%). Additionally, the HM contribution for each term of the reduced wash-off equation was quantified. We noted that on average in Z1, Z2, and Z3, 92.5%, 82.6%, and 88.9% of the Pb load was provided by the RDS size fraction below 250 µm (HM transportation phenomenon), respectively. The contribution for Cu was 97.3%, 91.4%, and 94.9%, respectively. For Pb, the RDS size fraction greater than or equal to 250 µm contributed on average 7.5%, 17.4%, and 11.1% in Z1, Z2, and Z3, respectively (RDS leaching phenomenon). The contribution for Cu was 2.8%, 8.6%, and 5.1%, respectively. Therefore, the reduced wash-off equation allowed us visualizing on average the following order of precedence from the included phenomena: Term 1, HM transportation (Pb = 88.0% and Cu = 94.5%; solid fraction); and Term 2, HM leaching (Pb = 12% and Cu = 5.5%; dissolved fraction).
After comparing the results obtained during the development and application of the wash-off equation, we noted that the terms associated with the RDS size fraction below 250 µm contributed, for all HMs under study, 82.4% and 91.3% of the total HM load washed-off by runoff, respectively. The results suggested that the percentage associated with this RDS size fraction tended to increase during the application of the reduced wash-off equation, probably because of the elimination of the leaching phenomenon included in the first term of eq. (1). In other words, the total HM load associated with RDS of size below 250 µm was assumed to be transported by runoff with it.
Conclusions
The objective of this paper is to present the development and application of a method to estimate the HM contribution derived from the wash-off by runoff on RDS in a highaltitude megacity (Bogotá, Colombia). The above data and interpretation lead us to the following conclusions.
In the development of the method, the HM contribution by runoff ranges between 24.7% and 50.3%; relative to the total mass per unit area of HMs associated with dry-weather RDS of Bogota city (Mn, Cd, As, Zn, Cu, Ba, Pb, and Fe). The HMs presenting a greater contribution are Cd, Zn, and Mn. Wash-off equation allows us visualizing the following order of precedence from the phenomena included in its terms: HM transportation on RDS < 250 µm (solid fraction), HM leaching on RDS ≥ 250 µm (dissolved fraction), and HM leaching on RDS < 250 µm (dissolved fraction). The RDS size fraction below 250 µm contributes on average 81.6% of the total HM load washed-off by runoff. Similar trends for Pb and Cu are observed during the application of the method in Bogota city. The contribution by runoff for Pb and Cu ranges between 34.9-47.1% and 37.4-51.8%, respectively. The size fraction below 250 µm contributes on average 88.0% and 94.5% of the total load of Pb and Cu washed-off by runoff from RDS. The findings suggest that the RDS size fraction below 250 µm must be the reference fraction for the control systems design of HM pollution in Bogota city.
Therefore, the method presented in this paper is proposed as a management tool for responsible institutions of the urban pollution control. It will be useful to establish control strategies in dry weather (e.g., optimizing the street sweeping frequency schedule); and rainy weather, by improving the storm sewers design, retention-detention ponds, permeable pavements, infiltration-exfiltration trenches and basins, etc. Additionally, this method will suppose a future research improvement on the influence of rainfall events in relation with the HM loads washed-off by runoff from RDS.
Nevertheless, the following limitations form part of this study and require further attention. During the development of the method, we observed that the wash-off equation tends to overestimate the HM contribution reported by other studies. This overestimation was probably due to the fact that, in the proposed wash-off equation, turbulent runoff conditions were considered for the RDS (i.e., laboratory leaching tests: DIN 38414-S4 standard, and Tessier and BCR sequential-extraction procedures); and probably not all HMs that can be leached in the laboratory (simulated conditions) could be leached with the same intensity during rainfall events (real conditions).
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